An ex per i men tal in ves ti ga tion of the air flow through in let port of a stan dard produc tion di rect in jec tion
In tro duc tion
The pro cesses of en gine mix ture for ma tion and com bus tion pro ceed in the tur bu lent flow am bi ent cre ated dur ing the in take phase and then in ten si fied by the shape of com bus tion cham ber. Ini tial struc ture of in-cyl in der tur bu lent flow field is strongly af fected by the con fig ura tion of in take sys tem, as well as the ge om e try of port and valve. There fore, the in ves ti ga tion and op ti mi za tion of the in take port and valve de sign is very im por tant for the achieve ment of pro jected en gine per for mances.
The per for mance of in take sys tem is usu ally tested un der steady flow con di tions, at fixed valve lift and con stant pres sure drop. Ne glect ing of dy namic as pects of en gine op er a tion (the mo tion of pis ton and valve, as well as the pres sure vari a tion in an in take sys tem) not af fect es sen tially port/valve per for mance in real en gine con di tions. This ev i dence was con firmed by Fukutani and Wartanabe [1], Desantes et al. [2] , and Smith et al. [3] for the case of in te gral flow pa ram e ters (mass flow rate and flow co ef fi cients), as well as Bicen et al. [4] , Khalighi et al. , and El Tahry et al. [5, 6] , Arcoumanis et al. [7] , and Weclas et al. [8] in the case of the dis tri bu tion of mean and r.m.s. ve loc i ties at the valve exit plane. Though the mea sure ment of in te gral flow param e ters at steady flow con di tions is not too dif fi cult, the mea sure ment of tur bu lent flow char acter is tics in the gap be tween valve head and seat is much more com plex. By ap pli ca tion of non-ob tru sive op ti cal mea sure ment meth ods, a com plex ge om e try leads to the prob lem of la ser beams re frac tion, which is usu ally over come by us ing the re frac tive in dex match ing tech nique. The lat ter in volves rep li cas of the port and cyl in der made from acrylic plas tic ma te rial, which has the same re frac tive in dex as a work ing fluid (in this case usu ally wa ter or mix ture of oil of tur pen tine and tetraline). All this means that it is nec es sary to take into ac count the geo met ric, ki ne mat ics, and dy namic con di tions of flow sim i lar ity. Such pro ce dures of mea sure ments are pre sented by Chen et al. [9] , Mahmood et al. [10] , and Nadarajah et al. [11] , us ing la ser dopp ler anemometry (LDA) mea sure ments, by Bensler et al. [12] , us ing par ti cle im age velocimetry (PIV) tech nique, and by Fan et al. [13] , us ing par ti cle track ing velocimetry (PTV) mea sure ment tech nique.
At the other side, the ap pli ca tion of sin gle hot-wire anemometry probe for the mea surement of flow field at the valve exit plane is much sim pler, but this probe is flow di rec tion in sensi tive. Wag ner and Kent [14] tried to solve this prob lem by the ro ta tion of probe at many ori en tations (so-called mul ti ple ori en ta tion hot-wire tech nique). How ever, whole pro ce dure is very com plex, re quires sig nif i cant mod i fi ca tion of cyl in der head and the va lid ity of re sults is still very un cer tain.
An other more re li able and ef fi cient ap proach, which uses clas si cal ad van tages of thermal anemometry with good re pro duc tively of tur bu lent flow field, is the mea sure ment with mod ern min ia ture mul ti ple hot-wire probes [15] [16] [17] . The re sults of such mea sure ment are presented in this pa per [18, 19] .
Test pro ce dure

Flow con fig u ra tion
The mea sure ment is car ried out on the stan dard pro duc tion cyl in der head of di rect injec tion die sel en gine un der steady flow con di tions. A cyl in der head with in take man i fold was mounted at the out let of wind tun nel and fit ted with the open-ended cyl in der of 90.5 mm bore. At the op po site end of open wind tun nel a high-pres sure blower was in stalled, pro vid ing nec essary air mass flow rates (up to 165 kg/h). To re duce flow losses, the con nect ing pipe be tween the wind tun nel and in take man i fold was de signed with grad u ally de crease of in ner di am e ter. The main di men sions of tested tan gen tial type in take port and its po si tion re lated to cyl in der axis are shown in fig. 1 .
Dis charge co ef fi cient mea sure ments
The air mass flow through the in take port/valve as sem bly, & m, is con trolled by chang ing the high-pres sure blower ro ta tion rate. The to tal pres sure up stream of the valve, P, is mea sured by Pitot tube in stalled at the out let of wind tun nel, and static pres sure down stream of the valve, P 0 , is as sumed to be at mo spheric; the pres sure drop across the valve is taken as DP = P -P 0 .
The dis charge co ef fi cient, C f , which is a mea sure of over all flow losses in port/valve as sem bly, is cal cu lated us ing the pe riph eral lift cur tain area, pd v h v :
Val ues of flow co ef fi cients are cal cu lated in the whole range of valve lift (h vmax = 9.2 mm) at con stant pres sure drops across the valve of 1, 2, 3, 4, and 5 kPa.
Ve loc ity mea sure ments at the valve exit plane
The val ues of mean and rms ve loc ity com po nents at the valve exit plane, in an nular area be tween valve seat and seal ing faces (valve curtain area), are mea sured with spe cially de signed hot-wire X probe. The probe is designed in the Tur bu lence Flow Lab o ra tory at the Univer sity of Montenegro, where also all mea sure ment is carried out. Tung sten wires with 2.5 mm dia and 0.7 mm length was used as probe sen sors. The wires are at tached to the tips of Cr-Ni-Mo steel al loy prongs bended at the top at an an gle of 55°, which cor re sponds to the valve seat cone an gle. The po si tion of prongs is cho sen in such way to achieve min i mal scale of mea sure ment vol ume, and to ob tain min i mal ther mal in ter fer ence be tween the sen sors ( fig. 2) .
The probe has been moved in the valve gap from the open end of cyl in der. For that the probe should be guided very pre ciously and closely to the cyl in der wall. In this pur pose, a special tra vers ing mech a nism, en abling con trolled trans la tion of the probe in all three or thogo nal di rec tions, as well as a ro ta tion in hor i zon tal and ver ti cal plane, was de signed. Ac cu racy of the probe trans la tions with this tra vers ing mech a nism was 10 -2 mm. The ex act po si tion of the probe re lated to cyl in der head and valve was re al ized us ing pin at tached to the probe body side. The pin con tact with cyl in der head, as well as with valve head, was reg is tered by the change of its elec tri cal pa ram e ters. The po si tion of probe re lated to cyl in der head and valve is shown in fig. 3 .
Fig ure 2. De sign and main di men sions of hot-wire X probe
The probe cal i bra tion was done in a po ten tial core of the free round jet of the open wind tun nel, with tur bu lence level on the cen ter line be low 0.5%. A set of ref er ence cal i bra tion data was ob tained by "yaw ing" the probe (probe ro ta tion in the plane of sen sors) in the range of ±30°, with the step of 5°, and for each value of yaw an gle a ve loc ity cal i bra tion was car ried out cov ering a ve loc ity range of 0.5-40 m/s.
The ve loc ity pro files at the valve exit plane were mea sured at con stant air flow rate of 47 kg/h (which cor re sponds to the mean flow rate of the un steady flow for an en gine speed of 400 rpm) at three char ac ter is tic az i muthal lo ca tions around the valve pe riph ery (fig. 4) . The mean ve loc ity was ob tained by time-av er ag ing the in stan ta neous ve loc ity values, and tur bu lent com po nent (the in ten sity of tur bu lence) was cal cu lated as root-mean square value of fluc tu at ing ve loc i ties.
Re sults and com ments
The curves of mass flow rate vs. valve lift, with the pres sure drop across the valve as a pa ram e ter, are shown in fig. 5 . It can be seen that the port/valve flow ex hib its four flow re gimes in di cated by changes in curve slope. The in ter pre ta tion of these re sults is sim i lar to that of refs. [4, 8, 20] . At small valve lifts (h v < 2.8 mm), the flow is ini tially at tached to the walls of the valve pas sage and cor re sponds to the flow re gime I. For valve lifts greater than 3 mm the flow detaches from the valve seal ing face and ef fec tively re duces the ac tual flow area, cor re spond ing to the flow re gime II. The in crease in valve lift to val ues above 4.2 mm re sults in flow sep a ra tion not only at the valve but also at the valve seat, and sets on the tran si tion to the flow re gime III. With fur ther in crease of valve lift (h v > 5 mm) the flow re at taches on the valve but re mains detached at the valve seat. This fi nal state of flow is com monly de noted as flow re gime IV.
Afore men tioned four flow re gimes can be also seen at fig. 6 , which shows the change of dis charge co ef fi cient in the func tion of dimensionless valve lift h v /d v . It is ev i dent that discharge co ef fi cient is strongly pres sure drop de pend ent at small valve lifts, much more at lower pres sure drop. This is the con se quence of pro nounced vis cous ef fects at low Reynolds num bers. As the flow ve loc ity in creases, and hence the Reynolds num ber, the flow in the valve pas sage be comes highly tur bu lent and vis cous ef fects less im por tant. Then dis charge co ef fi cient starts de crease lin early with in creas ing valve lift, col laps ing into one curve. In fi nal zone dis charge into the cyl in der is not af fected by any re duc tion in flow area and the only in flu ence on the C f is as sumed to be sur face fric tion on the valve seal ing face.
The anal y sis of flow pat terns at the valve exit is used for the de ter mi na tion of valve posi tions in which the ve loc ity dis tri bu tion mea sure ment should be per formed. The valve po si tions of h v = 4, 6, and 8 mm have been se lected as char ac ter is tic points (con cern ing procesess of flow sep a ra tion). The dis tri bu tions of ra dial and ax ial mean and rms ve loc ity com po nents at se lected valve lifts, at all three az i muthal lo ca tions around the valve pe riph ery (three mea sure ment planes in fig. 4 ), are shown in figs. 7-9. All the ve loc ity val ues are nor mal ized by the mean piston speed V k = 1.693 m/s. Fig ure 7 shows the dis tri bu tion of ra dial and ax ial ve loc ity com po nents in the mea surement plane 1, which is the clos est to the wall. It was ex pected that the vi cin ity of the wall will affect con sid er ably the flow field de vi a tion in this plane. How ever, the com par i son with the cor respond ing ve loc ity pro files in diametrally op po site plane 2, fig. 8 , shows that the in flu ence of cyl in der wall in this case is rel a tively small. Nev er the less, some dif fer ences can be seen: for ex - am ple, at h v = 4 mm, in the mea sure ment plane 1 there is no al most any flow sep a ra tion, but in the plane 2 it ex ists at both sides of valve pas sage, though at valve seat side the flow shows the ten dency to re at tach to the wall be fore leav ing the valve gap. At higher valve lifts (h v = 6 mm and h v = 8 mm), in the plane 2, the bulk flow is di rected to the in ter nal side of valve head, with afore men tioned ten dency of the small part of the flow near the valve seat to re at tach to the wall again; in the plane 1, the dis tri bu tion of fluid flow is much more uni form.
The ve loc ity dis tri bu tion in the mea sure ment plane 3, fig. 9 , is also very in ter est ing. In this plane, at me dium and high valve lifts, the pro files of ra dial and ax ial mean ve loc i ties have the pat terns which can not be ex plained eas ily. The occurence of higher mean ve loc i ties at the jet edge than in the mid dle jet re gion has not been no ticed by the other re search ers, for ex am ple [4] [5] [6] [7] [8] [9] [10] 14] , in spite of an a lyzed flow con fig u ra tion. There fore, the ob tained re sults need ad ditional ex pla na tion. It should be noted here that the va lid ity of ob tained mean ve loc ity pro files is checked by the com par i son of mass flow rate cal cu lated on the ba sis of the dis tri bu tion of ra dial ve loc ity along the height and cir cum stance of valve cur tain area, and the mass flow value measured dur ing the ex per i ment. The good agree ment of these two val ues (dif fer ence is less than 2%) jus ti fies the re sults of mea sured mean ve loc ity pro file. As con cerns the dis tri bu tion of rms ve loc ity in plane 3, it can be no ticed ex tremely high tur bu lence in ten sity at h v = 4 mm in the bound ary layer of jet near the valve seat. At h v = 6 mm and h v = 8 mm, the tur bu lence in ten sity, sim i lar as in the mea sure ment plane 2, is the high est in the mid dle jet re gion, what can be ex plained by in ten sive jet flap ping again.
All these dif fer ences in the mean ve loc ity dis tri bu tion in mea sure ment planes 1 and 2 are much clearer in the case of the pre sen ta tion of mean ve loc ity flow field in vec tor form, plots in fig. 10 . Also, there are some dif fer ences in the dis tri bu tion of rms ve loc ity com po nents in these planes: in the plane 1, at all ob served valve lifts, the high rms lev els found, as ex pected, at the edges of jet, be cause this is the re gion of the most in ten sive tur bu lence gen er a tion; in the plane 2, how ever, at higher valve lifts (h v = 6 mm and h v = 8 mm), the high est tur bu lence in tensity is cre ated near the cen tre of the jet, which can only be ex plained by the oc cur rence of high dy namic flow in sta bil ity in the jet (jet flap ping) in this mea sure ment plane. Dy namic flow in sta bil ity of jet (jet flap ping) may be one pos si ble source of cycle-by-cy cle flow vari a tion and, there fore, it rep re sents very im por tant re search prob lem. Use ful in di ca tions of pos si ble jet in sta bil ity are the third (skew ness) and the fourth (kurtosis) mo ment of the ve loc ity prob a bil ity dis tri bu tion func tion, [11] . The de vi a tion of these pa ram e ters from their rel e vant val ues at Gaussi an dis tri bu tion (0 and 3, for skew ness and kurtosis, re spec tively) may im ply jet flap ping/in sta bil ity. Fig ure 11 shows the changes of skew ness and kurtosis fac tors in the jet in the di rec tion of valve gap cen ter line (the di rec tion of probe axis) for the mea surement plane 3 and h v = 6 mm.
Con clu sions
The ve loc ity dis tri bu tion at the exit plane of the in take port/valve, very im por tant for the pre dic tion of in-cyl in der flow field, has been in ves ti gated us ing spe cial de signed hot-wire X probe. Ob tained re sults en able de tailed anal y sis of flow pat terns and dy namic flow in sta bil ity of the jet at the valve cur tain area. The fact that the reseach has been car ried out at stan dard pro duction en gine head, in the con di tions where the ap pli ca tion of LDA or other la ser ori ented measure ment tech nique is not pos si ble, opens the per spec tive for fur ther ap pli ca tion of min ia ture mul ti ple hot-wire probes in the in ves ti ga tion of flow per for mances of in ter nal com bus tion engine in take sys tems. 
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